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ABSTRACT
A theory for third-order intermodulation (IM) distortion
in broad band doubly balanced mixers using Schottky barrier
diodes is derived. This theory is based on the assumption
that only two sources of distortion are present: IM due
to forward biased diode non-linear conduction, and that
due to reverse biased diode non-linear capacitance.
Measurements are made in the high frequency spectrum,
both on IM generated in single diodes and that generated
in the mixers themselves. Close agreement with theory
is found for the single diodes in forward and reverse
bias, within given limits on the bias level. The mixer
IM is approximately 10 db larger than the theory predicts;
this discrepancy is attributed to the presence of IM
distortion generated in the diode transition region.
It is found that use of a square wave local oscillator
results in up to 20 db reduction of IM distortion over a
sine wave LO in the mixers. The existence of an optimum
mixer source impedance for minimum IM distortion is shown,
thus confirming the theoretical prediction.
THESIS SUPERVISOR: Donald H. Steinbrecher
TITLE: Research Associate
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INTERMODULATION DISTORTION IN A BROAD BAND BALANCED MIXER
INTRODUCT ION
The first mixer in a wide band receiver is frequently
subjected to a very wide range of signals from the antenna
or any stages of RF amplification. These signals might
range from less than one microvolt to more than one volt
in amplitude. A prime test of this mixer's quality is
its ability to process the widest possible signal amplitude
range without distortion; that is, that it have the widest
possible dynamic range. A mixer's ability to process weak
signals is determined by its noise figure, the receiver
noise bandwidth, and the required signal-to-noise ratio.
Strong signals can interact with each other due to non-
linearities in the mixer and produce distortion products
which can interfere with weak signal detection. A useful
definition of dynamic range for a mixer, or other devices,
is thus the ratio of the minimum signal power necessary
to achieve a given signal-to-noise ratio, to the maximum
signal power before distortion products achieve that signal-
to-noise ratio.
An important form of distortion in mixers and other
devices is intermodulation, or IM, distortion, which occurs
when large signals at two different frequencies interact
to produce distortion at still other frequencies. As will
be seen, third order IM distortion occurs when two signals
at frequencies fl and f2 interact to produce distortion power
at frequencies 2f2 f and 2f + f2' Note that if fl andare arbitrarily close to one another, then two of the
f2 are arbitrarily close to one another, then two of the
third order IM signals are arbitrarily close to the input
signal frequencies. Thus, even with filtering at the
receiver input, third order IM distortion can still be a
problem.
It is apparent, then, that a good understanding of
the mechanism of distortion production, especially that of
IM distortion, in mixers is important to wide dynamic
range receiver design. It would be desirable to have a
theory for IM production which is simple enough to use as
a design tool for minimizing IM distortion, yet accurate.
In this thesis a simple theory is derived for third order
IM distortion in a broad band doubly balanced, so-called
ring, mixer using Schottky barrier diodes. This mixer is
chosen for study because it is simple, possessing no tuned
circuitry, and very widely used. The doubly balanced
mixer has the advantage that, due to its symmetry, the RF,
IF, and LO ports are all isolated from each other. The
theory is based on the mixer diode nonlinearities, and is
written in terms of the diode parameters. The individual
sources of IM distortion in the diodes are discussed. Then
the assumption is made that only two of these sources are
significant; these are combined to produce a formula for
the percentage of third order IM distortion power at the
mixer output.
An experimental evaluation of the theory follows the
derivation. The diode parameters are first determined
from low frequency measurements. Then the IM distortion
is investigated in single diodes, source by source.
Finally the diodes are placed in mixers and the mixer IM
distortion is measured. This experimental investigation
is carried on in 2 to 100 MHz frequency band, principally
because of ease of component construction in this range.
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THEORY
SOURCES OF IM DISTORTION IN BALANCED MIXERS
The schematic of a conventional doubly balanced mixer
is shown in Fig. 1. The operation of this mixer has been
1,2,3discussed elsewhere in detail; ' therefore, a brief
discussion will suffice here. The local oscillator signal
is fed into the port labeled LO. Since this port is
connected to the center taps of the input and output hybrid
transformers, it is apparent that the local oscillator
"sees" the four diodes as in Fig. la, that is, parallel
diode pairs back-to-back. Thus, if the local oscillator
power is sufficiently high, during the positive half cycle
of the local oscillator, diodes 1 and 2 are biased on,
while diodes 3 and 4 are biased off; this condition is
reversed in the negative half cycle. We can think of
the four diodes in an ideal mixer, then, as a reversing
switch operated at the LO rate. A signal of frequency of
RF entering the RF port is observed at the IF port to be
reversed in sign at the LO rate, that is, the RF signal is
multiplied by a square wave function of period 1/fLO, where
fLO is the local oscillator frequency, and amplitude equal
to 1. Thus, frequency translation of the input signal
takes place; signals at frequencies fRF n fLO' where n is
an odd integer, appear at the IF port, because the square
wave is composed of odd numbered harmonics of the LO frequency.
If the hybrids and terminations in the mixer are infinitely
fast switches, then the mixer will be infinitely broad band.
-1-
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Unfortunately, however, real-world diodes are not
ideal switches. In both the "on" and "off" states, the
voltage across a diode is a non-linear function of the
current through the diode. In general, this dependence
can be written in a power series; thus:
2 .3
v = ali + a2i2 + a3i + ... (1)
where i and v are the diode current and voltage,
respectively, and the ak 's are constants dependent upon
the operating region at which the diode is biased. As
will be seen in subsequent analyses, if a current of the
form
i = I lCos lt + I2cos o2t
flows through the diode, then the cubic term in Eq. 1
dictates that the diode voltage has components at frequencies
2'1 + 2 and 22 + W 1 These voltages are known as the
third order intermodulation (IM) distortion voltages. Thus
a distortion voltage will appear across the load termination
at the IF port of a mixer. A convenient measure of the
distortion level is the third order intermodulation
distortion ratio (IMR), defined as the ratio of power
dissipated in the IF termination at one of the third order
IM frequencies, to the power dissipated at one of the input
frequencies, 1 or 2.
Several sources of IM distortion exist in a mixer,
each corresponding to a region of operation of the mixer
diodes. Schottky barrier diodes are used in the analyses
and in the mixers, principally because these diodes are
majority carrier devices, unlike P-N junction diodes, so
they have extremely rapid switching speeds and are thus a
-I -
closer approximation to the ideal switch than are P-N
diodes. The physical operation of Schottky barrier diodes
4,5is described elsewhere. The results of these descriptions
will be used to describe the various sources of IM distortion
below.
IM IN FORWARD CONDUCTION
The physical model for a Schottky barrier diode in
forward conduction is the diode junction in series with a
resistance R whose value is independent of forward current.s
The voltage V across the junction is related to the forward
current I by
V = (ln I - n IAT ) (2)
where ot and ISAT are parameters independent of forward
current. If we assume that the diode is biased by the local
oscillator to some operating point (I , V ) in the forward
conducting region, as shown in Fig. 2, and that some small
RF current is made to flow through the diode, then we may
model this condition by expanding Eq. 2 in a Taylor series:
V = V + V1 (I-Io) + V2 (I-I) 2+ (I-I)3
2' 3'
(3)
kdkv
where Vk dV evaluated at I=I .
That is, V1 -= - 2 3 3 etc.,Tha iI ' 2 oc I 2' 3 C I
from Eq. 2. We may remove the DC terms in Eq. 3 by letting
v = V- V
o
and i = I - I
O
-I-
%/2 2 %3 3
Thus, v = i + 2' + i (4)
This equation is of the form of Eq. 1, so this source of
third order IM distortion is seen to be caused by the
third derivative of the diode I-V characteristic. Thus,
if we apply an equal amplitude two-tone current through
the diode,
i = I cos t + I cos t (5),
1 2
where I is much smaller than Io, then we can find the IM
distortion voltage across the diode by substituting Eq. 5
into Eq. 4 and using some trigonometric identities:
3 3 3 3 2i =I (cos t + cos t + 3 cos 2t cos 
2 2
+ 3 cos 4)t cos 2t)
+ I cos (2 )t +....
Thus, v = .... + I cos (2 - )t + .... (6)
8 3 2 1
This is the voltage that appears across the diode at one
of the third order IM frequencies when the diode is in
forward conduction. It can be shown that all four third
order IM voltages will have this value.
IM IN REVERSE CAPACITANCE
When a Schottky barrier diode is reverse biased it
can be modeled as a junction capacitance in parallel with
a case capacitance in parallel with a very large resistance
to account for leakage current. The junction capacitance C
is a function of junction voltage as expressed by
C O= C (7),
where C is the junction capacitance at zero bias, and
and are constants. Again, we assume that the
diode is biased by the local oscillator, to some operating
point ( V ) this time in the reverse region. Now we
assume that a small RF voltage is applied across the diode,
as shown in Fig. 3. Then we may describe the instantaneous
diode capacitance by expanding E 3 in a Taylor series:
k2 2 3 3
C = C + kl(V-Vo) + 2 (V-Vo) + 3. (V-Vo) + ... (8)
where k.= d C evaluated at V=V
3 dV7 o
That is, k= - rC ' (V+ )
2 *('Y+l)Co (V±') + , etc.,
from Eq. 7. We remove the DC terms in Eq. 8 by letting
c =C -C
0o
and v=V -V .
0
Thus, c = klv + 2 v + 3 v +... (9).
2' 3'
The charge on this capacitor is found by integrating the
capacitance over the voltage, thus
q = cdv
k 3
.... + 2 v. +....
The RF current through this capacitor is the time derivative
of the capacitor's charge; thus
dt dv
.+ dt + .... (10).
This portion of the diode current contains the third order
IM current. If we apply an equal amplitude two-tone voltage
across the diode such that
v = V(cos 4l1t + cos &2 t) (11),1 ~~2
*1
F/-, 2 D/oDE CA4Ac rr /s / C
AA/, eI gt- 
Vo
3 O/  or.
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where V is much smaller than VX
then v .... 3 Vcos (2W - )t ....
4 1 2
2 dv 1 d (v3 = 1 V3
dt 3 dt 4 ( 1 2)sin
1 3
thus i = k2 V (2C -2)sin (2l-' )t + .... (12)
This term is the third order IM distortion current at the
frequency 2 1 - 2' Those at the other third order IM
frequencies are of similar form but have different frequency
multipliers.
IM IN REVERSE CONDUCTION
For diodes biased in the reverse direction but far
from the breakdown region (see Fig. 2), the current vs.
voltage relationship is approximately that of Eq. 2, with
V and I negative. This equation is not strictly accurate
for Schottky barrier diodes but it serves as a useful
approximation. It can be shown that the IM distortion
generated by this source is much smaller than that generated
in the junction capacitance for small RF signals, so it can
be neglected. When the diode is biased near the breakdown
region, however, the reverse leakage current becomes a very
non-linear function of the reverse voltage, so a large
amount of IM distortion will be generated.
IM IN THE TRANSITION REGION
The three sources of IM distortion discussed above have
been analyzed on the assumption that the local oscillator
has biased the diodes for enough into the forward or reverse
region so that the applied RF signal is a small perturbation
about the operating point. This assumption could be valid
in a balanced mixer only if a perfect square wave (or some
other discontinuous waveform) local oscillator drive were
applied. Any real LO drive voltage must have some finite
risetime associated with it; thus some percentage of the LO
period would be spent with the diodes near zero bias, so
that the RF signal across the diodes is comparable to or
larger than the bias point produced by the local oscillator.
In this region of operation, IM distortion is generated
mainly because of non-linear diode conduction for small
reverse bias. If we define V as the reverse biased diode
voltage, then the diode current is
I = ISA T (e -1) (13)
where the parameters are defined as in Eq. 2. If we apply
a two-tone voltage of amplitude V across the diode, in
addition to the small bias voltage V , then V becomes
V = V + V cos t + V cos t (14).
o s 1 s 2
Substitution into Eq. 13 yields
- V -o(V coS t - V cos P2 t
o s 1 s 2
I SATe e e ISAT
(15).
We may use the following series expansion :
z cos 
e = I (z) + 2 Ik(z) cos k (16),
0 k=l
where the I functions are k order Modified Bessel functions.k
Applying Eq. 16 to Eq. 15, we find that the diode current at
the third order IM frequency (2 1 - 4 2) is
o V
i3(t) = 2IsATe I ( V ) I2(oV )cos (2) - )t (17).
3 SAT 1 s 2 s 1 2
-1 v
The Modified Bessel functions increase approximately
exponentially for large arguments. Thus for large RF
signal voltages we may approximate Eq. 17 by the proportionality
i 3(t ) e (2 s Vo) cos (2 41- 2)t
It is seen, then, that in order to make this IM source
negligably small, we must make the LO voltage V much
larger than the signal voltage V .
OTHER SOURCES OF IM
The above described sources of IM are those most
immediately apparent from a mixer analysis, and are
frequently the most important. Other sources can exist,
however, and should be mentioned. A source which is sometimes
significant, especially at low frequencies, is the IM distortion
generated in the ferrite material frequently used to construct
the mixer hybrid transformers. Another source which has been
8,9
and is being investigated by others is the perturbation
due to the RF signal on the diode switching waveform.
THE TWO-STATE ASSUMPTION ON MIXER IM
We have seen in the preceding section that the doubly
balanced diode mixer may be modeled as a reversing switch
in which switching is accomplished by biasing alternate
pairs of diodes in the forward, then the reverse conduction
region at the LO rate using a local oscillator. Various
sources of IM distortion are seen to arise from this model,
mostly due to nonlinearities of the diodes in their various
operating regions.
In an effort to derive a simple yet accurate formula
for a lower limit on the IM distortion in a balanced mixer,
the assumption will be made that only two sources of IM are
significant; these are IM due to forward diode nonlinear
conduction, and IM due to reverse diode nonlinear capacitance.
Before applying this two-state assumption, however, we must
determine under what conditions, if ever, it is valid.
It was mentioned earlier that IM in reverse divide
conduction can be neglected provided the diode is not
operated near breakdown. This can be seen from Eq. 17.
Reverse conduction IM is going down exponentially with
reverse bias voltage V, whereas reverse capacitance IM is
dropping only as V -2 so provided V is large enough,0 conduction IM will be much smaller than reverse
reverse conduction IM will be much smaller than reverse
capacitance IM.
Transition IM distortion must be eliminated by using
a very rapid risetime square wave LO drive. This will
assure that essentially no time is spent in which the diode
is operated near zero bias. A corollary condition is that
-S -
the RF signal on the diode must be kept small compared to
the bias voltage applied by the local oscillator. Note
that it is not enough to apply a large sine wave LO drive
signal and let the diodes themselves clip this waveform to
a square shape; this clipping action does not appreciably
affect the LO current, so that appreciable time will be
spent in which the forward biased diodes are near zero
bias. Then the RF signal will be sufficient to turn these
diodes slightly off periodically, producing transition
IM distortion.
IM distortion due to ferrite transformers can be
readily reduced to negligable levels by using a large
volume of ferrite material. IM due to RF perturbation of
the switching waveform can be reduced by keeping the RF
signal small with respect to the LO drive.
MIXER IM IN FORWARD BIASED DIODES
The IM distortion in a doubly balanced mixer using
the two-state assumption may be more easily analyzed and
verified experimentally by breaking up the mixer model
into a forward diode circuit and a reverse diode circuit,
then combining them by superposition. The forward diode
circuit will be treated first; this circuit is shown in
Fig. 4. Only one diode is treated at a time, rather than
both forward biased diodes at once, so that differences
in individual diode nonlinearities may be measured experi-
mentally. The other diode is replaced by a short circuit.
The RF signal generator is represented as it looks after
being transformed by the input hybrid, as a voltage source
v. and a generator impedance R . The IF load is thatin g
transformed through the output hybrid, and is also R . Theg
series resistance of the diode is represented as a constant
R . The LO is assumed to provide a constant bias current
I through the diode.
If we assume that the RF voltage across the diode
junction is small compared to the generator voltage, then
the RF current through the diode is
i = 1 v. (18).
2R + R
g s
Then, if we let vi be a two-tone voltage:
Vi = V (cos Wlt + Cos 2t) (19),
then we can substitute Eqs. 18 and 19 into Eq. 6 to obtain
the third order IM voltage v3(t):
3
v (t) =1 V 3 cos (24)-) )t (20).
3R 3 g 3 1 2
-20 -
Now we can treat the diode as a voltage source of value
V3 and place it in series with the generator voltage source,
as in Fig. 5. The third order IM ratio, IMR, which we have
defined as the ratio of power dissipated in the output load
at one IM frequency, to that at one two-tone frequency, may
be computed from this figure. It is
lv 12
IMR = (21).
1V 1
g
-6 2 4
Thus, IMR = 1 (2R + R ) v2 V . (22)
64
This expression may be written in terms of the input power
of one of the two tones by noting that the power available
from the signal generator is
2V
P. q (23).in 8R
g
Substituting this expression and the expression for 93 given
earlier, into Eq. 22 we arrive at the final expression for
IM ratio due to a single forward biased diode in the circuit
of Fig. 4:
-2 -6 -6
IMR = 4 0( I (2R +R ) R P. (24).
o g s g in
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MIXER IM IN REVERSED BIASED DIODES
In the full mixer circuit the diodes that are biased
off by the local oscillator appear in shunt across the output
load resistor. Thus the circuit shown in Fig. 6 is the
appropriate one for computing reverse diode IM distortion.
The diode is represented by its nonlinear capacitance. We
make the assumption that the diode current is much less than
the current flowing through the two resistors R . Then the
voltage across the diode may be approximated by
v.
V in (25).
If we apply a two-tone input signal by using Eq. 19 again,
and substitute this equation and Eq. 25 into Eq. 12 we
obtain the diode current at the third order IM frequency
(2 1-W 2 ),:
1 3
i (t) -6 k2 V (2 1-C2 ) sin (2J1-) )t (26)3 64 g 1 2 1 2
Thus we may treat the diode as a current source of amplitude
13 as in Fig. 7. The IM ratio is computed by replacing the
current source and the output load resistor with their Thevenin
equivalent circuit to produce a circuit similar to that of
Fig. 5. When this is done the IM ratio is found to be
1R2 _ 2 2 2 4IMR = (-)k 2 (2'1- 2) R V (27).
We may substitute Eq. 23 and the expression obtained previously
for k2 into Eq. 27 to obtain the final expression for third
order IM ratio at the frequency (2j1-42) in terms of diode
parameters, frequency and input power:
1 2 2 +2 2 2 (28).
IMR = 6 y ( +1) C (Vo+ R 4 (2W) p64 0 og 12 in
I, 6 c.eAS c7P S ,7s'/ D/on
S g ".Ai 7 T/C
+
voU;
-, 7 P/eP6l 9C p2 yX
rTA4o cu<,e-, SO UA C /
VA
VI,;, V10'r
rTWO-STATE MIXER IM
Now that the IM distortion generated in each diode is
known we must combine these sources into a model for the
doubly balanced mixer. Fig. 8 shows the evolution of this
model. The top diagram is a combination of the circuits of
Figs. 5 and 7, with the addition of two opposing diode equivalent
sources and their series resistances; this diagram is the
equivalent circuit of the mixer during the local oscillator
half-cycle when the two horizontal diodes in Fig. 1 are
forward biased. The middle diagram in Fig. 8 shows the mixer
equivalent circuit during the other LO half-cycle when the
two diagonal diodes in Fig. 1 are forward biased. The bottom
diagram in Fig. 8 is equivalent to these two circuits when
the reversing switch is switched at the LO rate, provided the
four diodes are identical, and is thus the IM equivalent
circuit of the mixer. Note that both the RF signal generator
and the IM distortion generators are on the input of the
reversing switch. Thus both the RF signal and the IM
distortion are subject to the mixer conversion loss; this
means that the IM ratio is independent of the mixer conversion
loss.
It must be noted that the addition of these opposing
diodes places additional resistors in the single diode circuits
of figures 4 through 7. This modifies the expressions for IM
ratios IMR, IM current I3, and IM voltage V3; all the (2R +R )
factors are replaced by (2R +2R ), and all the (R ) factors
g g
are replaced by (R +R ). The result is that the current
g s
generators in Fig. 8 are of value
4-
o Iur
. T. sw C/
EsVo47-/oV'/ O/- 8F ~Avc
M XE I =- 5qus/ VA11.s4'7- C/,ECc/ 7-
t
A 4.
A i'
/V- 
1 3
i3(t) 64 k2 V (261 -'2 ) sin (241- 2)t (29)
1 -3 3
v3(t) = (R +R ) 3 V cos (2J -W )t (30)3 64 g g ( 1 2
V 2
and P. = in
8(R +R ) (31).
When the voltages across the IF load resistor due to each
source are added by superposition, and when the definition
for IM ratio given previously is used, the IM ratio for the
mixer is found to be
R 2
g V + R I
IMR R +R 3 g 3 (32).
R
V  2
2 ( R ) 
Substituting Eqs. 29 through 31 into Eq. 32, and noting that
the cross-product term in the numerator is zero because V3
and 13 are orthogonal, the IM ratio becomes
IMR = 1 [ (R +R 4 32 + (R +R ) (2 l 2k2 ] (33).16 in 9 3 g g s
This expression is the third order IM ratio for the doubly
balanced mixer under the two state assumption. Because the
mixer effects a frequency shift from input to output the IM
ratio is measured as the ratio of IM distortion to desired
powers at the translated frequencies. Thus, if the IF frequency
of interest is the difference frequency (s -W ), then
LO
the IM frequency for which Eq. 33 is valid is (2 -- ( ),1 2 L'
and the desired frequencies are (-6J LO) and (2- Lo ).
Note that the mixer IM ratio is expressed in the form
IMR = A (R +R )4 + B 1
g s (R +R )4
g s
Thus there is an optimum value of generator impedance,
R , for which this ratio is minimized to some value IMR
g opt opt.
These optimum values are found by setting the partial derivative
of IMR with respect to R in Eq. 33 to zero.
When this is done it is found that
j 91/4
R = - R (34)
g opt s (2 -V 2 )k (34)
and IMR =1 P (2 ) (35)
opt - in 2 1 2 3 (35).
8
V.
EXPERIMENT
Experimental work was performed to verify the above
described theoretical results. DC measurements were made
on numerous Schottky barrier diodes to determine the parameters
necessary to compute the coefficients 23 and k2. Mixers
operating at several generator impedances were constructed
with provision for plugging the diodes into each one. These
mixers were then used to measure third order IM ratios for
single diodes in forward and reverse bias, and for doubly
balanced mixers themselves. Given below is a detailed
description of each experimental procedure, followed by the
results of these experiments and their comparison with theory.
DIODE PARAMETER MEASUREMENTS
The current through a forward biased Schottky barrier
diode is the same as in Eq. 13. The diode also possess a
series resistance R which will have an additional voltage
across it
V = R I (37).
s s
Thus we may write an expression for the diode current in terms
of the voltage drop across the entire diode, VD= V+V , as
o((V -R I)
I = SAT (e (38)
For fairly large diode voltages this may be approximated as
(f (VD-RsI)
I = SAT e vll)I
so log I = log I SAT + (VD-RsI)log e (40)
Thus if log I were plotted vs. VD, the result would be a
straight line of slop log e wherever VD was large enough
to make e VD >> 1 and I was small enough to make
R I << VD . If extended to the I axis this straight line
would intersect at I=ISAT . So two diode parameters, o( and
ISAT, can be determined.
If this straight line were extended above the point at
which it departs from the plotted data, the voltage difference
AV between this line and the data would be
AV = VD-V = R I (41).
Thus, a plot of AV vs. I would be a straight line of slope
R , provided Rs is constant. In this way the diode series
resistance R may be determined.s
The junction capacitance C of a reverse biased Schottky
diode is given in Eq. 7. The total diode capacitance CD is
the junction capacitance in parallel with a case capacitance
C . Thus C= C ( + 9 C (42).
case D o + case
In this case V may be considered the diode voltage VD since
the voltage drop across the series resistance is negligable
in the reverse biased diode.
10.
A computer program has been devised and written which
fits data of diode capacity vs. voltage in a best mean square
manner to Eq. 42. This program thus determines the coefficients
C , C , and y which simultaneously best fit the data.
O 'case
- 30 -
The experimental set-up used to measure the diode
conduction parameters ISAT, ( and R is shown in block
S
diagram form in Fig. 9. The dotted lines show connections
for low current measurements (less than 1 ma), and the
dashed lines show connections for higher current measurements
(between 1 and 50 ma). The bias box is simply a battery with
variable resistive voltage divider and variable series
resistance.
Measurements of diode capacitances were made with a
Boonton Electronics capacitance bridge. This bridge has
internal DC isolation for test device biasing and measures
capacitance to a precision of .0001 picofarads. Extremely
careful measurements must be made of diode capacitance because
the computer program is very sensitive to errors and is only
accurate when at least twenty data points are given.
The results of forward conduction measurements of
several Schottky diodes are shown graphically in Figs. 10
and 11. Only one diode of each type is shown in these figures.
Measurements were made on four matched diodes of each type,
but the curves of log I vs. V and I vs. AV are so similar for
the matched diodes that they overlap. The diodes used were
Solitron type MSQ5140, HP Associates type HP2301, and Solitron
type MSQ7330 silicon Schottky barrier diodes.
Note that the slope of the I vs. AV curve is constant
up to a certain value of I for the MSQ5140 and HP2301 diodes,
then changes beyond this current. This change in the slope
(ie change in R s) is likely due to diode heating at the higher
current levels; the series resistance is dependent on carrier
mobility in the semiconductor material, which is temperature
-31 -
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rdependent. The I vs. AV curve for the MSQ7330 diode is more
nonlinear than-the others, however; this may be due to some
minority carrier current flow in addition to the heating
effect. Minority carrier current can cause conductivity
modulation, ie a change of conduction with current.
Minority carrier current is detrimental to the diode's
operation because it decreases the switching speed of the
diode.
The diode parameters which have been computed from
graphs such as Figs. 10 and 11, and those which have been
computed using the computer program, are tabulated
for each diode in Table 1. The series resistance given
for the MSQ7330 diode is arbitrarily measured at 10 ma; that
for the other diodes is measured at low current.
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TEST MIXER CONSTRUCTION AND PERFORMANCE
Three test mixers were constructed in which to test
the Schottky diodes for IM distortion. These mixers have
input and output hybrid transformers which convert the
50 ohm unbalanced generator and load impedance to 50
ohms balanced for the first mixer, 100 ohms balanced
for the second, and 200 ohms balanced for the third;
refer to Fig. 1 for the generalized mixer schematic.
Several requirements had to be met in designing these
mixers. The hybrids had to have low loss and low VSWR
over as large a bandwidth as possible, in order to come
as close to the ideal broad-band mixer structure as
possible. The output impedance had to be well balanced
about the center tap and the ground plane to assure that
the diodes were driven symmetrically. Finally, there had
to be some means of changing the diode quad from one mixer
to the next without changing the diodes' positions with
respect to themselves or the ground plane; such a change
would introduce unwanted variables in the experiment.
The design requirements for the hybrids were met by
11.
using transmission line transformers. These transformers
are capable of low loss, low VSWR and excellent balance
over multi-decade bandwidths when carefully constructed.
The diodes are made easily interchangeable from mixer
to mixer by building each mixer, less the diodes, as a
test fixture. The outputs of the hybrids are fed through
-37--
four coaxial lines, of appropriate impedance, to a set of four
subminiature OSSM coaxial connectors. lhe diodes are mounted on a
small board on which are four OSSM connectors; these mate with the
connectors on tle mixer fixture to form a complete mixer. To change
the diodes from one mixer to another it is only necessary to dis-
connect these four connectors.
The three mixer test fixtures are shown schematically in Figs. 12
throughi 14. Note that the local oscillator is fed to the hybrid
center-taps throughl a 50 om unbalanced to 50 ouhm balanced transformer in
all three mixers.
llese mixer fixtures performed satisfactorily from 2 liz to beyond
300 :Eiz, which was the maximum frequency at whicl they were tested.
1![d _ j lE £; ~- 2 .,t ;;o~ao fAA .15o P; 1lVl1aurU1em1e[ns on ueI rlxi;ur-e ulellnZele were Ml=k y relaclllg ulC
diode board with a board consisting of two open circuits and two short
circuits. In this way the loss through the fixtures was found to be
less than 2 db with a VSWiR of less than 1.5 over the 2 to 300 i-Z
bandwidth. Balance was measured by injecting a signal in t-e LO port
--_ 1 ...._ .. _-- LI I - -1 - . ....__ _ - 4-1.Q -r)! __... TT7 .4 T_J_1 1
anI hteaurLiAg ule ltUdagC pUWUV. UL UC iV iU L1U 'r PUULZ. L LuaLy
the leakage will be zero; these mixers hadi leakage power racre than
50 db below the input available power.
A local oscillator was required that would produce a good
square wave at the LO frequency. 'iile circuit used is shown in Fig. 16
and consisted simJoply of two step recovery diodes back to back, followed
by a 30ui, Maz bancuwidt amplifier, ad attenuators to reduce the
source VS;vR.
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The diodes were driven by a 200 mw sine wave at the LO
frequency. The diodes were self biased and a pot was
provided to make the waveform symmetrical.
Typical mixer output spectra are shown in Fig. 17.
These are taken using the MSQ5140 diodes in the 50 ohm
mixer fixture. In all three spectra the signal and LO
frequencies are approximately 7 and 10 MHz, respectively.
The top spectrum is taken using a sine wave local oscillator.
Note that the ratios of high odd-order mixing products
are far from those predicted by mixer theory. See Table 2.
The middle spectrum is taken using the square wave generator
with a 1 per cent asymmetry in its waveform. Note that
this asymmetry produces a series of signals all approximately
34 db below the IF frequencies f f . These correspond
to mixing products of even harmonics of the LO and arise
because of the train of narrow pulses which represent the
LO asymmetry. In the bottom spectrum these signals have
been eliminated by adjusting the symmetry control on the
square wave generator. Note also that the ratios of high
odd-order mixing products are very close to those of the
ideal doubly balanced mixer, as shown in Table 2. The
local oscillator feedthrough signal and its odd-order
harmonics are not quite in the proper ratio for a square
wave, however, indicating that the waveform of the local
.- . .., oscillator is not perfectly square. The mixer conversion
loss was observed to be 6 db for both sine and square
wave LO drives.
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TAB LE 2
BALANCED MIXER SPECTRUM
Given below are power ratios in db of the mixing
products of the form nfL0 ± fs, (where n is odd, fLO
and f are the LO and signal frequencies respectively)
to the pow r at the IF, f :to the power at the IF, f f -s
LO 
Ideal Mixer 50 ohm mixer
with sine wave
LO drive (+,-)
50 ohm mixer
with square
wave LO drive
11.0, 11.0 db
5f f±f
LO s
7f f
LO s
9f + f
LO s
conversion
loss (SSB)
14.0
16.8
19.0
3.9
16.5, 18.5
28.0, 24.5
25.0, 24.5
6.0
3 fLO s 9.6 db 9.5 db
14.0
17.5
20.0
6.0
I
Ii
1I
1
1
1
rMEASUREMENT OF IM DISTORTION
An experimental verification of the IM theory requires
that some means is available to measure IM distortion. A
convenient instrument for this purpose would be a spectrum
analyzer because the appropriate IM signal could be found
quickly from its relationships with other signals, and
the IM ratio could be determined directly from the display
scope. Unfortunately, commercially available spectrum
analyzers produce IM distortion of their own which is
often much greater than that being measured. Some means
must be found to eliminate the high-power two-tone signals
as they enter the spectrum analyzer, without disturbing
the distortion signals. Filters could be used, of course,
but then changing frequencies would necessitate changing
filters.
A feedforward scheme was used to cancel the two-tone
signals as they entered the spectrum analyzer. The setup
used to measure IM ratio in single diodes is shown in
Fig. 18. Signal generators 1 and 2 generate the two-tone
signal, which is combined in hybrid 3 and fed into the
device under test. Each tone is also fed into a reference
arm by hybrids 1 and 2, and combined in hybrid 4. The
output of the test device contains the two-tone signal
plus distortion signals. This output is combined with
the reference two-tone from hybrid 4, in hybrid 5. By
making the time delays in the test arm and two reference
arms equal, and by adjusting attenuators to make the
reference and test device two-tone amplitudes equal,
- 7-
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spectrum analyzer, after being amplified.
In operation, this feedforward setup can be tuned to
produce more than 80 db of two-tone cancellation. This
is sufficient to keep spectrum analyzer IM distortion
below -140 dbm, the sensitivity of the analyzer plus pre-
amplifier, for input two-tone levels under +20 dbm. The
dynamic range of the system is limited by the amount of
IM distortion generated in the signal generators due to
imperfect isolation in hybrid 3 and possibly through the
generator power lines. The system dynamic range is
measured in the setup of figure 18 by replacing the test
device with a length of transmission line and measuring
the IM ratio on the spectrum analyzer after tuning up
the system. This system had a third order IM ratio of
-127 db for a +13 dbm two-tone signal at the test device
input for frequencies above approximately 4 MHz.
A similar system can be constructed in principle to
measure IM distortion in mixers, by simply placing a
mixer in each reference arm and driving all three mixers
with a single local oscillator. The problem here is that
many signals appear at the mixer outputs, and all must be
canceled simultaneously. Thus three very closely matched
mixers are required. The system finally used was that
shown in Fig. 19, which consists simply of a 30 MHz band-
pass filter, with a 10 db pad to absorb reflected power,
in front of the spectrum analyzer. The signal and LO
frequencies were selected to place one of the third order
IM signals at 30 MHz; all other signals were then filtered
Fxv
x
out. In making these measurements the frequencies must
be changed so that both the IM signals surrounding the
IF can be measured to insure that they are equal amplitude.
--I
IM RATIO IN DIODES
The mixer test fixtures were used to measure the IM
ratios of forward and reverse biased diodes in the circuits
of Figs. 4 and 6. A diode test board was wired as shown
in Fig. 20 for the forward diode measurements, and as
shown in Fig. 21 for the reverse diode measurements.
Bias was applied through the RF choke shown. The IM
ratios were measured using the setup of Fig. 18.
The results of these measurements are shown graphically
in Figs. 22 through 32. These measurements are compared
with the theoretical predictions as derived previously;
the theoretical curves are plotted as dotted lines.
There are experimental errors in both the experimental
and theoretical data plotted here. The experimental data
is subject to input power measurement error and errors
in measuring the IM ratio on the spectrum analyzer. These
result in an estimated 3 db possible error in the experi-
mental data. The possible error in the theoretical curves
are due to diode parameter measurement errors, since
these parameters are used to compute the theoretical IM
ratios. The forward biased diode parameters, and Rs,
are measured directly and may be assumed to be fairly
accurate. Reference to Eq. 24 shows that these parameters
are not heavily weighted factors in the IM ratio expression.
Thus the possible error in the theoretical curves for the
forward biased diodes will be small, i.e. less than +1 db.
The reverse diode parameters are indirectly found from
diode measurements, since a computer computation is
involved. Thus these parameters are not so accurately
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known. The computer program, in addition to printing
out these parameters from the experimental data, also
computes standard deviations for the parameters assuming
that the experimental data is completely accurate. Using
these standard deviations and Eq. 28 an estimated ±2 db
possible error is found for the reverse biased diode
theoretical IM ratios, assuming that there is no error
in the diode capacitance measurements.
Fig. 22 shows the IM ratio of one of the MSQ5140
diode vs. forward bias current. Note that from 6 to 30
ma. forward current the IM ratio follows the theoretical
prediction to within experimental error. Below 6 ma.
transition region IM distortion becomes significant.
Between 30 and 40 ma. the IM ratio drops below theoretical,
possibly because, as seen in Fig. 11, the series resistance
R has increased at this current level. The rapid increase
s
in IM ratio above 40 ma. forward current is not well under-
stood; at this current level considerable diode heating
occurs, however, so that considerable changes in several
diode parameters may occur. Also shown in Fig. 22 are the
IM ratios for one each of the HP2301 and MSQ7330 diodes.
Again, the changes in series resistance with forward bias
current affect the IM ratio; the continuous decrease of
R for the MSQ2330 result in a decreased slope in IM ratios
from the theoretical slope of -6. The decrease in R for
the HP2301 above 15 ma. results in an increase in IM ratio
above 15 ma. for that diode.
The IM ratios for the MSQ5140 diodes in forward bias
are plotted in Figs. 23 through 26 at 50 ohm and 200 ohm
source impedance levels. These are seen to be close to
theoretical in the 6 to 30 ma. region.
- 41-
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The forward bias IM ratio for one of the MSQ5140
diodes is plotted vs. signal input power P in Fig. 27.in
For a 50 ohm source impedance the IM ratio is close to
theoretical below a 0 dbm signal level; above that level
the transition region IM distortion dominates, until
hard clipping is reached in the diode and the IM ratio
levels off. For a 200 ohm source impedance, however,
the IM ratio is close to theoretical below 0 dbm, but the
slope is slightly greater than theoretical. In Fig. 28
the same variables are plotted with the diode in reverse
bias. Again, for 50 ohm source impedance, the IM ratio
follows the theoretical curve below the transition region.
But for a 200 ohm source impedance the slope is slightly
greater than theoretical, as in the forward bias case.
The voltage step-up in the 200 ohm mixer is apparently
large enough to upset the validity of the small signal
perturbation assumption, so that a small amount of
transition region IM is present, causing this slope
discrepancy.
Reverse biased diode IM ratios are plotted vs. bias
voltage plus # in Figs. 29 through 32. Transition region
IM is dominant below 0.8 volts. Above this voltage the
IM ratio is close to theoretical for a 50 ohm source
impedance; the difference between theoretical and experi-
mental curves in the 200 ohm case is due to the non-
theoretical slope of IMR vs. Pi for 200 ohm source
impedance. This is because the IMR at 50 ohms is measured
with a 0 dbm two-tone input signal, while that at 200 ohms
is measured with a -6 dbm signal.
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The frequency dependence of the IM ratio for one
of the diodes in forward and reverse bias is shown in
Fig. 33. That for the other diodes is similar. As
seen, the frequency dependence follows that predicted by
theory.
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IM RATIO IN MIXERS
Rather extensive IM measurements were made using
the MSQ 5140 diodes in the 50, 100 and 200 ohm mixers.
Measurements were made using both sine wave and square
wave local oscillators. The amount of LO drive is monitored
by measuring the voltage across each diode using a sampling
oscilloscope equipped with high impedance differential
input probes.
It was discovered that the VSWR of the impedances
at the mixer ports is a critical factor in the IM ratio
of the mixer. This is caused by reflections which occur
at any impedance discontinuities; this reflected power
re-enters the mixer to interact with other signals present,
and produces additional IM distortion which can either add
or subtract from the original distortion, depending on
the relative phase angles. Thus, care was taken to insure
that reflections at the mixer ports were not affecting the
IM ratio.
The results of these measurements are shown graphically
in Figs. 34 through 38. In Figs. 34 through 36 the IM
ratio for each of the three mixers is plotted as a function
of the LO voltage amplitude. The RF signal input power
was -10 dbm for the 50 and 100 ohm mixers and -20 dbm for
the 200 ohm mixer; the IM frequency was 30 MHz. The IM
ratio is plotted using both sine wave and square wave
local oscillators. It will be noted that as much as 20 db
of improvement in IM ratio results when square wave LO
drive is used instead of sine wave drive. Thus it is seen
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that the transition region is the dominant source of IM
distortion in a sine wave driven mixer. There is a 10 db
or less discrepancy between theory and measured square wave
IM ratio in all three mixers, for LO voltage amplitudes of
0.55 volts or less. The source of this discrepancy is
difficult to isolate, but is possibly caused by slight
imbalances in the mixer transformers or of the diodes,
the presence of transition region IM caused by finite
(2 nsec) square wave risetime, or the asymmetry of the
square wave generator waveform previously discussed.
Adjustment of the symmetry control on the square wave
generator changed the IM ratio by less than 2 db, so the
last named source is an unlikely one. The small amount
of LO and signal frequency feedthrough in the mixers
indicates that both the transformers and diodes are well
balanced. Thus the most likely source of the discrepancy
is the transition region.
Above 0.55 volts LO voltage the IM ratio rises
sharply in the 50 and 100 ohm mixers. This rise appears
to be the same as that seen in the single diode IM ratios
in large forward bias. At large LO drive levels the LO
voltage across the diodes becomes rather irregular, with
peaks over 30 per cent above the mean voltage level.
These peaks are sufficient to drive the forward biased
diodes into this region of rapidly rising IM ratio. As
Eq. 33 shows, the source of IM in high impedance mixers
is primarily the off-biased diode capacitance. This is
true for the 200 ohm mixer. Thus the region of rapidly
rising IM ratio is greatly suppressed in the 200 ohm mixer.
In Fig. 37 the IM ratio for the MSQ5140 diode
mixer is given as a function of source resistance R
for two LO drive levels. Note that the difference between
experiment and theory increases slightly as the source
resistance increases, but that the optimum source resistance
remains close to the theoretical values. The 200 ohm mixer
data was taken at a -20 dbm signal level, so 20 db was
added to the IM ratio to conform with the -10 dbm input
levels in the other two mixers.
Finally, in Fig. 38 the IM ratio is given for each
mixer as a function of the signal power level Pin, for a
0.54 volt LO drive level. The IM ratio is seen to follow
the theoretical 2 for 1 slope at low signal levels, but
rises faster at higher levels, because the
signal level is no longer much smaller than the LO level,
as was assumed in the theoretical derivation. The point
at which the curve departs from theory goes down in level
as the mixer impedance goes up; this is because the trans-
formers that step up the impedance in the mixers also step
up the signal voltage.
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CONCLUSION
As mentioned in the Introduction, the third order
IM distortion in mixers is an important factor in determining
the mixer's dynamic range. This distortion should be
predictable from theoretical considerations if its generation
is to be understood and if high dynamic range receivers are
to be well designed.
In this thesis a theory for IM distortion in a broad
band doubly balanced mixer has been derived using the two-
state mixer assumption to identify the sources of IM
generation. Diode parameters were measured and used to
find the theoretical IM ratio for single diodes in forward
and reverse bias, and for the mixer. These were compared
with the experimental determinations of IM ratio.
It was found that over a certain range of diode bias
voltage and current the IM ratios for single diodes in
forward and reverse bias, and for the mixer. These were
compared with the experimental determinations of IM ratio.
It was found that over a certain range of diode
bias voltage and current the IM ratios for single diodes
were quite close to the theoretical predictions. Below
this bias range transition region IM distortion became
significant; above this range diode heating effects caused
a change in the diode's series resistance, which caused
the IM ratio to depart from theory since a constant Rs
was assumed. Near the maximum rating of forward current
for the diodes a rapid rise in IM ratio was observed. No
such departure from theory was observed for the diodes
under large reverse bias, up to the one volt limit to
which measurements were made. There was, however, a slight
difference in the slope of the IMR vs. P. curve from thein
2 db for 1 db theoretical slope.
The IM ratio for the mixers, however, was as much
as 10 db higher than predicted by theory, when square wave
LO drive was applied. The most likely explanation for this
discrepancy appears to be that the risetime of the square
wave local oscillator was not short enough to prevent
transition region IM distortion from appearing. At high
LO drive levels the mixer IM ratio departed further from
theory for low mixer source impedances. This seems to
reflect the rapid rise of IM ratio observed in the forward
biased diodes at large bias level. The measurements showed
a large reduction in IM distortion for square wave as opposed
to sine wave LO drive, however, and the optimum source
impedance agreed closely with the theory.
Several conclusions may be drawn from these results.
First, it may be stated that the third order IM distortion
sources in diodes are understood and that, over a range
of bias levels, only the sources used in the two-state
assumption are significant and are predictable. Second,
it was shown that square wave LO drive results in a
significant reduction in the IM ratio. Third, it was
found that an optimum source impedance exists for a minimum
third order IM ratio in the mixer, which depends on the LO
drive level in a way that is predictable from theory over
a range of LO drive levels. An additional observation
which bears restating is that the VSWR's of the three
- -
mixer terminations must be close to unity to prevent multiple
reflections from increasing the IM ratio.
Much experimentation is still necessary before IM
distortion in diode ring mixers is fully understood. In
order to resolve the discrepancy between theory and
experiment in mixer IM ratio further work should be done
to study the transition region IM. Square wave generators
with shorter risetimes may be constructed to see if this
discrepancy is indeed due to transition region IM. The
frequency dependence of mixer IM should be further studied
in an attempt to verify the theoretical predictions already
verified in single diodes. The effects on IM ratio of
applying negative bias to the mixer diodes should be studied;
negative bias should reduce the component of IM distortion
due to the reverse diode capacitance. Finally, other
types of IM distortion, principally second order, should
be investigated, both theoretically and experimentally.
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